c Interleukin-21 (IL-21) can be produced by CD8 T cells from HIV-1-infected individuals and those with autoimmune disease, but the mechanism remains poorly understood. Here we demonstrate that IL-21-producing CD8 T cells are not associated with CD4 depletion and are absent in patients with idiopathic CD4 lymphocytopenia. Instead, IL-21 production by CD8 T cells was associated with high levels of activation, suggesting that these cells emerge as a consequence of excessive chronic immune activation rather than CD4 lymphopenia.
A s a product of CD4 T cells, interleukin-21 (IL-21) has emerged as a key factor for control of chronic viral infections (1) (2) (3) (4) (5) (6) (7) (8) . Accumulating evidence suggests that CD8 T cells secrete IL-21, and populations of these cells have been described in HIV-1 infection and autoimmunity (9) (10) (11) (12) (13) . We have demonstrated that HIV-1-specific IL-21-producing CD8 T cells are enriched in HIV-1 elite controllers, whereas polyclonally stimulated IL-21-producing CD8 T cells are increased in patients who lack viral control (12) .
The basis for the apparent division of IL-21 competency between CD4 and CD8 T cell subsets is unclear, but one possibility is that CD4-negative T cells may acquire CD4 T-helper function (14) (15) (16) (17) (18) (19) (20) . Given that CD4 T cell depletion is a hallmark of HIV-1 infection, such a compensatory mechanism could allow for CD8 T cells to acquire IL-21 competency and helper function. On the other hand, CD8 T cell production of IL-21 could also be seen with immune perturbations such as seen in HIV-1 infection and autoimmunity, diseases associated with this unusual cellular phenotype (9) (10) (11) (12) (13) .
We sought to define IL-21-competent CD8 T cells and determine their relation to conventional CD4 T cells. Cryopreserved peripheral blood mononuclear cells (PBMCs) from 30 chronically HIV-1-infected individuals off antiretroviral therapy (ART) (median plasma viral load [pVL], 18,282 copies/ml; median CD4 count, 581 cells/mm 3 ) and 19 HIV-1-seronegative subjects were thawed, activated with phorbol 12,13-dibutyrate and ionomycin (PDBu and ionomycin), and stained as previously described (12) . The institutional review boards (IRBs) of the University of Alabama at Birmingham (UAB) and National Institute of Allergy and Infectious Diseases (NIAID) approved this study, and written informed consent was obtained from study participants. Given that IL-21 is traditionally regarded as a CD4 T cell-derived cytokine, we evaluated the extent to which IL-21-producing CD8 T cells expressed CD4 to exclude the possibility that these cells may represent CD4 T cells. We found that the majority of IL-21-competent CD8 T cells lacked surface expression of CD4 ( Fig. 1A and B (Fig. 2A) .
We next asked whether this subset of CD8 T cells would be devoid of effector functions typically associated with cytotoxic CD8 T cells. To test this hypothesis, CD8 T cells producing IL-21 and IFN-␥ were assessed for coexpression of cytolytic effector molecules perforin, granzyme B, and the transcription factor Tbet, a critical regulator of CD8 T cell differentiation and lytic gene expression and function (21, 22) . A comparative analysis revealed that IL-21 ϩ CD8 T cells exhibited a limited propensity to coexpress perforin, granzyme B, and T-bet than did their IFN-␥ ϩ counterparts (Fig. 2B to E) . To probe for the existence of IL-21-producing CD8 T cells with CD4-like characteristics, we evaluated their ability to upregulate CD40 ligand (CD40L) upon stimulation. Indeed, no differences were noted between IL-21-producing CD8 and CD4 T cells expressing CD40L or the frequency of CD40L-expressing IFN-␥ ϩ CD8 T cells ( Fig. 2B and F) . Approximately 20% of IL-21-producing CD8 T cells expressed tumor necrosis factor alpha (TNF-␣) and IL-2, with a nearly undetectable induction of IL-21/IL-17 coproducers (Fig. 2G) . Importantly, we did not observe a correlation between production of IL-2 by CD4 T cells and IL-21 by CD8 T cells (data not shown), unlike what was noted in mouse models, whereby limited IL-2 production was associated with increased IL-21 production by CD4 T cells (2, 23) . To ascertain whether IL-21-producing CD8 T cells manifested traits that resemble T follicular helper (Tfh) cells (24, 25) , we determined the frequency of IL-21-producing CD8 T cells that coexpressed Tfh-associated markers CXCR5 and inducible costimulator (ICOS). We found a negligible fraction of IL-21-producing cells expressed these molecules (data not shown). These results demonstrate that IL-21-competent CD8 T cells share a few characteristics of classical CD4 T cells yet are phenotypically distinct from Tfh CD4 T cells. While we have not performed functional studies of CD8 ϩ IL-21 ϩ T cells, previous work has shown that CD40L ϩ CD8 T cells can indeed provide B-cell help (26) . Interestingly, these CD40L ϩ CD8 T cells expressed low levels of IL-21 mRNA, providing evidence that IL-21 ϩ CD8 T cells may have the capacity to execute immunologic helper functions (26) . It remained unclear whether the emergence of IL-21-producing CD8 T cells was a direct consequence of CD4 T cell deficiency or HIV-1 disease. To address this issue, we evaluated the presence of IL-21-producing CD8 T cells in 10 patients with idiopathic CD4 lymphocytopenia (ICL), a syndrome of unknown etiology characterized by low CD4 T cell counts. Importantly, many clinical manifestations associated with ICL are akin to those in HIV-1-infection (27, 28) . Notably, IL-21-producing CD4 T cells were comparable in patients with ICL and HIV-1-infected subjects (Fig. 3A) , concomitant with the absence of IL-21 ϩ CD8 T cells in ICL patients (Fig. 3B) . Furthermore, there was no association between the frequency of CD8
ϩ IL-21 ϩ T cells and CD4 T cell count or viral load (data not shown). These findings further solidify that expansion of IL-21-producing CD8 T cells in chronic, progressive HIV-1 infection is independent of CD4 T cell loss.
Elevated frequencies of IL-21-competent CD8 T cells have been described in the context of autoimmunity (9, 11, 13) . Uncontrolled T cell responses feature prominently in both autoimmunity and HIV-1 infection, suggesting a common mechanism by which IL-21-producing CD8 T cells arise (29, 30) . We reasoned that persistent immune activation drives the acquisition of CD8 T cell IL-21 production during HIV-1 infection. To explore this possibility, we studied longitudinal samples from 12 patients prior to ART initiation (median pVL, 30,086 copies/ml; median CD4 count, 375 cells/mm 3 ) and after achieving fully suppressed VL (median time, 6 months; median pVL, 49 copies/ml; median CD4 count, 573 cells/mm 3 ). We found that the frequency of CD8 T cells producing IL-21 modestly correlated with the percentages of activated CD8 T cells, as measured by coexpression of CD38 and HLA-DR (Fig. 4A) . This association was primarily seen in samples taken from pre-ART time points (r ϭ 0.57, P ϭ 0.04) (data not shown). We then compared the extent to which IL-21-producing CD8 T cells displayed an activated phenotype relative to IFN-␥-producing cells. Overall, IL-21-producing CD8 T cells showed higher levels of activation than IFN-␥-responsive cells irrespective of ART-induced viral suppression (Fig. 4B) . These results provide further evidence that immune activation, rather than perturbations in CD4 T cell numbers, drives CD8 T cell IL-21 production. 
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